The work presented herein evaluates silicon nano-pillar arrays for use in planar chromatography. Electron beam lithography and metal thermal dewetting protocols were used to create nano-thin layer chromatography platforms. With these fabrication methods we are able to reduce the size of the 10 characteristic features in a separation medium below that used in ultra-thin layer chromatography; i.e. pillar heights are 1-2µm and pillar diameters are typically in the 200-400nm range. In addition to the intrinsic nanoscale aspects of the systems, it is shown they can be further functionalized 15 with nanoporous layers and traditional stationary phases for chromatography; hence exhibit broad-ranging lab-on-a-chip and point-of-care potential. Because of an inherent high permeability and very small effective mass transfer distance between pillars, chromatographic efficiency can be very high 20
but is enhanced herein by stacking during development and focusing while drying, yielding plate heights in the nm range separated band volumes. Practical separations of fluorescent dyes, fluorescently derivatized amines, and anti-tumor drugs are illustrated. Introduction 25 When used as planar chromatography separations platforms, periodic and stochastic nanoscale pillar arrays are shown to offer attributes of rapid mass transport, high chromatographic efficiency that is influenced by development and post development processes, portability, and diminutive mobile 30 phase and sample requirements. Using clean room fabrication techniques, nano-scale pillar arrays can be fabricated for use as nano-thin layer chromatographic (NTLC) platforms ( Figure  1 ). As dicussed previously, 1, 2 Electron beam lithography (EBL) permits exquisite control of pillar placement and 35 dimensions to form deterministic pillar arrays (herein, DPA). While the highly ordered systems afforded by this lithography method may be ideal in evaluating effects of changes in pillar dimensions on flow characteristics and furthermore separation efficiency, the EBL process requires expensive equipment and 40 is a slow serial process, the combination creates practical limits as to the size and quantity of fabricated arrays. A far more accesssible approach involves fabrication of stochasitc pillar arrays (SPA) using the thermal dewetting of thin Pt films to create masks 1, 3 . Although these SPA systems do not 45 deliver precise control of pillar morphology, placement, and dimensions, previous work has shown, 1 some control is maintained by varying the Pt film thickness. The SPA systems fabricated and evaluated within this work were tailored, as afforded by the method, to as closely approximate the more 50 dense EBL system. Discussed previously, 1 both the EBL and dewetted Pt fabrication methods are capable of creating pillar arrays with dimensions larger and smaller than the platforms reported herein. These dimensions were partially chosen to create the lowest volume platform while minimizing 55 evaporation and keeping the pillars under a 10:1 aspect ratio to maintain robustness and minimize wicking and spotting damage. In this research we study solvent and analyte transport, chromatographic efficiency, and demonstrate chemically selective separations with DPA-and SPA-NTLC 60 platforms. Desmet et al. has shown that porous silicon adequately increases surface area in ordered arrays to be used as a liquid chromatography platform for systems that are confined and pressurized [4] [5] [6] [7] . Previous research from our group has shown 65 that highly ordered pillar arrays prepared by photolithography in the low µm regime, and coated with a thin layer of silicon oxide, functionalized with a carbon reverse stationary phase (RP), produced plate heights (H) as low as 0.8 µm in closed pressurized array systems 8 and plate heights on average of 2 µm for capillary-action driven open array systems 9 . Combining previously mentioned fabrication protocols followed by reactive ion etching with a room temperature 5 plasma enhanced chemical vapor deposition process creates a conformal porous silicon oxide (PSO) layer on the pillar surface ( Figure 1 ) 10, 11 . These unique arrays create a nanoscale platform for RP chromatographic separations. Increasing the accessible surface area of the system and generating 10 substantial surface silanols for bonding with a C18 RP stationary phase (fabrication details in Supporting Information), ultimately achieve an adequate analyte retention . In our previous pillar array based ultra-thin layer 15 chromatography (UTLC) work we demonstrated that there is an improved H due to a lack of eddy diffusion (ordered arrays) and minimized resistance to mass transfer in the mobile phase (small pillar diameters and inter pillar gaps) 9 . Equally important was a favorable permeability constant (K 0 ) 20 or these highly ordered systems, avoiding the adverse effects of small packing particles that are observed in traditional TLC, principally slow flow and a concomitant increase in molecular diffusion broadening of spots. This research was designed to investigate if these trends in flow and H will 25 continue as dimensions are further reduced. It is anticipated that a further reduction in H could occur for these nano-scale systems due to a reduction in feature size as discussed in our previous publications 8 13. This model derived theoretical wicking velocities for varying pillar dimensions. These velocities allowed us to evaluate the 35 effect of pillar hieght, diameter, and pitch and make a predicted efficiency. These predicted values further directed substrate development. The Mai model is based on the geometrical parameters of the fabricated substrate, experimentally measured solvent-substrate contact angles, and 40 literature values for solvent viscosity and surface tension. We then predict H for these nano-scale arrays using a typical diffusion coefficients and the modeled velocity for acetonitrile. This yielded values less than 0.5 µm for the NTLC DPA systems, smaller than the H values observed for 45 UTLC systems reported in our previous work 9 . While the flow model does not consider the porous SiO 2 layer and thus only roughly mimics the experiment, this treatment does motivate scaling down into the nano-regime (further information is found in Supporting Information).
50

Solvent velocity studies on NTLC platforms
Rapid flow is essential in generating high efficiency separation platforms for separations. Equation [1] describes the effects of parameters on flow in traditional planar 55 chromatography. In this equation, µ f is the
displacement of the solvent front, d p is the diameter of the stationary phase particles, γ represents the surface tension, η the dynamic viscosity and θ, is the contact angle of the mobile 60 phase. The dimensions of the 5 cases investigated (with and without PSO and both types of arrays; DPA and SPA) are summarized in SI Table 1 . Varying pitch is ideal for this study because, for these pillar array systems, the interpillar gap behaves as particle diameter 
) we used benzyl alcohol as a low vapor pressure mobile phase in experiments that allowed us to identify effects of the pillar array design parameters on their wicking characteristics.
In particular, we analyzed how presence of a PSO coating, pitch and degree of order in the arrays affected the observed 20 wicking velocity ( Figures 2D and 2E ). Solvent properties are in Supporting Information SI Table 2 .
The results of this analysis show that as the pitch decreases the solvent velocity increases ( Figure 2D , P550 PSO vs P700 PSO). When comparing the SPA to the ordered DPA systems, 25 the former exhibits significantly faster wicking ( Figure 2D) . A possible explanation for this behavior may be found in the law of flow resistance in parallel channels as discussed previously for SPA systems 1, 14, 15 . Figure 2E compares the PSO to the non-PSO arrays. It shows that the solvent velocity is greater 30 as distance increases when compared to the non-PSO for the DPA case. Also, it was observed that the solvent front traveled a greater distance with the addition of PSO. These observations may be due to an increase in nano-capillaries and surface area, the latter benefits chromatographic retention, on 35 the PSO modified surface [16] [17] [18] [19] . Figure 2F is a comparison of the behavior of more traditional RP solvents. The resulting data cannot be explained by Equation [1] alone, which predicts the wicking velocities in the following order: acetonitrile > ethanol > 2-propanol. This discrepancy is most 40 likely due to effects of more pronounced evaporation of more volatile solvents from the surface of the shallow NTLC platforms.
NTLC patform efficiency analysis
The H treatment that was used as a predictive exercise to 45 validate the premise for this research was based on the wellknown work reported by Guiochon 20 and is often used in planar chromatography. Further discussion of this treatment can be found in Supporting Information. In terms of chromatographic efficiency, evaporation reduces 50 net flow ( Figure 2F ) for these nano-scale systems, especially as the development proceeds and, as a consequence, molecular diffusion can become problematic as is the case in traditional TLC. The flow of benzyl alcohol is slow due to an unfavorable γ/η ratio whereas for acetonitrile, with a 55 favorable ratio, the model-predicted flow (see Supporting Information SI Figure 2 ) is much greater than experimentally observed, presumably due to evaporation. In spite of these issues with solvent velocity and evaporation the observed efficiencies in our system under different mobile 60 phase conditions as shown in Figure 3 and 4 are better than expected. We contend that the traditional Van Deemter efficiency variables give way to fortuitous beneficial effects of stacking during development and focusing while drying. For these studies less band dispersion in the direction of the solvent direction was observed. For example, consider the aspect ratio of the band seen in Figures 3D, 4B & 4D . We 5 propose a stacking phenomenon caused by a gradient of the phase ratio (β = volume mobile phase/volume stationary phase) occurs in the direction of flow during the development. This implies that the phase ratio at the front of the band is smaller than at the tail of the band causing a spatial 10 contraction. Such effects are well known in TLC [21] [22] [23] [24] [25] , however the scale of the NTLC system is likely to exacerbate the phase ratio issue. When mixed solvents are used uneven evaporation can also play a role. Although, ideally, we aim to minimize evaporation, there are unique positive effects shown 15 in this work. Additional observations include a degree of curvature across the band of the DPA ( Figure 4A ). Contributions to this phenomena include solvent considerations (curvature increases when the band is at or near the solvent front) as well as effects of the morphological 20 heterogeneity of the system at the array boundry (see Figure 3 in Supporting Information).
It is also important that as the solvent interacts with the initial dried spot, slow solvation kinetics, as described by Poole 24 , 25 does not contribute to band broadening. Figure 3A shows that a concentrating effect is observed as the solvent interacts with the dried spot (note also the image of the pillar top residual after the front passes). While discrete concentrating zones have been implemented in UTLC platforms that also produce 30 concentrating effects 26 our NTLC platforms are morphologically homogeneous (except for at the array boundaries), although there could be an element of overloading contributing to the effect observed in the figure.
Although not done herein, discrete concentrating zones (e.g., 35 thicker PSO layers) could be fabricated into our NTLC platforms as well. A second type of concentrating effect is focusing of the band after development as the band dries ( Figure 3B ). The focusing effect is occurring from the solvent front towards the origin. It 40 should be noted that the concentration of the sulforhodamine 640 (SR640) necessary to image the development in rapid real time in Figures 3A and 3B was high and is most likely overloading the array and, also, the fluorescence intensity is enhanced by the solvent in comparison to the dry cases 45 ( Figure 3C & 3D) . The focusing effect appears to be solvent dependent in that it has only been observed while using solvents that are viscous and have very low vapor pressure and hence dry relatively slowly. The calculated efficiencies (H) in Figure 3D (stacking case) and Figure 3C (focusing 50 case) are approximately 900nm, peak capcacity > 50, and 100nm, peak capacity >150 (n=3), respectively (methods to compute H and approximate peak capacity appear in Supporting Information). Although it is tempting to equate this focusing with direct coffee ring effects 27, 28 , it is 55 noteworthy that the dynamics of evaporation of solute containing bands in this work involve a surface with multiple layers of roughness and a partition capacity for the analyte. respectively. Figure 4C is a separation of the anti-tumor drugs Daunorubicin (D 1 ) and Adriamycin (A 1 ) on a DPA and Figure  4D is a separation of fluorescently derivatized environmental amines, 7-nitrobenz-2-oxa-1,3-diazole (NBD)-n-heptyl and npropyl amine on a SPA. Note that resolution is enhanced (e.g.
80
in Figure 4B ) due to stacking effects and, when generating chromatograms, selecting the central 25% of the stacked band (solid) also improves resolution relative to using the entire band (dashed). In addition to baseline resolution for these separations, plate heights are less than 1 µm and band 85 volumes are in the pL range.
Conclusions
We demonstrate herein the fabrication of DPA-and SPA-NTLC platforms that can be made into porous shell-core structures and surface modified with hydrophobic character. The arrays share 90 traits for separations of more traditional approaches but are truly nano in scale and offer attributes of systems at that scale. In particular, NTLC is shown to behave uniquely in terms of solvent and analyte spot transport and dispersion, producing extremely low volume separations with high efficiency. While issues 95 involving solvent evaporation were observed, it is expected that they can be overcome with further research.
